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Neurite branching is essential for correct assembly of
neural circuits, yet it remains a poorly understood
process. For example, the neural cell adhesionmole-
cule KAL-1/anosmin-1, which is mutated in Kallmann
syndrome, regulates neurite branching through
mechanisms largely unknown. Here, we show that
KAL-1/anosmin-1 mediates neurite branching as an
autocrine co-factor with EGL-17/FGF through a re-
ceptor complex consisting of the conserved cell
adhesion molecule SAX-7/L1CAM and the fibroblast
growth factor receptor EGL-15/FGFR. This protein
complex, which appears conserved in humans, re-
quires the immunoglobulin (Ig) domains of SAX-7/
L1CAM and the FN(III) domains of KAL-1/anosmin-1
for formation in vitro as well as function in vivo. The
kinase domain of the EGL-15/FGFR is required for
branching, and genetic evidence suggests that ras-
mediated signaling downstream of EGL-15/FGFR is
necessary to effect branching. Our studies establish
amolecular pathway that regulates neurite branching
during development of the nervous system.INTRODUCTION
The nervous system presents as a network of neurons that are
interconnected in specific and reproducible patterns. During
development neurons often form branches to increase the pos-
sibilities for synaptic input and output (Schmidt and Rathjen,
2010; Gibson and Ma, 2011). Moreover, branching has been
mechanistically linked to synapse formation (Chia et al.,
2014), suggesting that it is an essential process during neural
circuit assembly. However, the molecular pathways that govern
neuronal branching remain poorly understood and only a
limited number of branching factors have been identified
(Schmidt and Rathjen, 2010; Gibson and Ma, 2011). One of
these, KAL-1/anosmin-1, encodes a putative secreted cell
adhesion molecule, which when mutated causes Kallmann syn-Cdrome (KS) in humans (Franco et al., 1991; Legouis et al.,
1991). KS is characterized by anosmia and infertility, presum-
ably as a result of neuronal targeting and migration defects
(Lutz et al., 1993). KAL-1/anosmin-1 comprises a whey acidic
protein (WAP)-like protease inhibitor domain and four fibro-
nectin type III (FN[III]) domains (Figure 1A). Experiments
in vitro and in vivo suggest that KAL-1/anosmin-1 plays a role
in neurite branching both in vertebrates and invertebrates (Bu¨-
low et al., 2002; Rugarli et al., 2002; Soussi-Yanicostas et al.,
2002). Yet, how KAL-1/anosmin-1 functions to mediate branch-
ing in vivo has remained largely elusive.
RESULTS
TheKSGene kal-1/anosmin-1Genetically Interactswith
the Neural Cell Adhesion Molecule SAX-7/L1CAM
KAL-1/anosmin-1 has been shown to be important for neurite
branching in both vertebrates and invertebrates (Bu¨low et al.,
2002; Rugarli et al., 2002; Soussi-Yanicostas et al., 2002). For
example, misexpression of KAL-1/anosmin-1 (kal-1, WormBase:
WBGene00002181) in several classes of neurons in Caenorhab-
ditis elegans, including AIY interneurons, causes kal-1/anosmin-
1-dependent neurite branching (Figures 1A–1D; Bu¨low et al.,
2002). In a genetic screen for loci required for this kal-1/anosmin-
1-dependent branching paradigm, we identified dz156, an
allele that introduces a premature stop codon after 885 amino
acids in the neural cell adhesion molecule SAX-7 (Figures 1A
and 1B; Dı´az-Balzac et al., 2014). SAX-7 is a single-pass trans-
membrane protein with extracellular immunoglobulin (Ig) and
FN(III) domains and the nematode ortholog of the conserved
neural cell adhesion molecule L1CAM (Chen et al., 2001).
SAX-7/L1CAM exists in two extracellular variants, a short SAX-
7S form and a long SAX-7L form (Figure 1A; Wang et al.,
2005). The dz156 allele is predicted to truncate both isoforms
in the fourth FN(III) domain and is likely a strong if not complete
loss-of-function allele.
Both dz156 and other loss-of-function alleles of sax-7/L1CAM
(sax-7, WormBase: WBGene00004732) suppressed kal-1/anos-
min-1-dependent branching in AIY neurons (Figure 1B–1E). In
addition, sax-7/L1CAM mutants displayed a cell-positioning
defect of AIY neurons, similar to defects described for otherell Reports 11, 1377–1384, June 9, 2015 ª2015 The Authors 1377
Figure 1. SAX-7/L1CAM Is Required for
kal-1-Dependent Axon Branching
(A) Schematic shows the SAX-7/L1CAM and
LAD-2 cell adhesion molecules with alleles indi-
cated: nj53 removes the long isoform SAX-7L and
nj48, nj13, nj52, and dz156 are deletions, in-
sertions, or nonsense mutations and result in
premature termination of both SAX-7L and SAX-
7S. The tm3056 deletion allele results in a frame-
shift and removes all LAD-2 isoforms (Wang et al.,
2008). Ig, immunoglobulin domain; FN, fibronectin
domain III; FER, conserved FERM domain; ANK,
ankyrin-binding domain; PDZ, PDZ domain.
(B) Quantification of animals with kal-1/anosmin-1-
dependent branches in AIY neurons (% animals
with AIY branching) of the genotypes indicated.
Generally, AIY interneurons were visualized with
mgIs18 (Is[Pttx-3::GFP]) and kal-1 expressed in
AIY from the transgenes otIs35X (Is[Pttx-3::kal-1;
rol-6(d)]) or otIs76IV (Is[Pttx-3::kal-1; Pcc::GFP]).
Error bars denote the SE of proportion; statistical
significance is indicated as follows: ns, not sig-
nificant; **p < 0.005; and ***p < 0.0005. See Table
S1 for full primary data.
(C–F) Ventral/sublateral views of adult animals
showing the pair of AIY interneurons. Over-
expression of kal-1 specifically in AIY neurons re-
sults in a branching gain-of-function phenotype
(kal-1(gof); arrow, D,D0 ) that is not seen inwild-type
animals (C,C0) (Bu¨low et al., 2002). This kal-1-dependent branching is suppressed by loss of sax-7 function (E,E0). Loss of sax-7 also results in a cell body
positioning defect (arrowhead, F,F0). The nj48 allele of sax-7/L1CAM failed to complement dz156with regard to the cell body positioning phenotype (Figure S1A).
In (C–F), anterior is to the left and scale bars represent 20 mm. cc, coelomocyte.neurons in C. elegans (Figure 1F; Figure S1A; Sasakura et al.,
2005; Pocock et al., 2008). To determine which isoform of
SAX-7/L1CAM was required for kal-1/anosmin-1-dependent
branching, we tested the sax-7(nj53) allele, which specifically re-
moves the SAX-7L long isoform (Sasakura et al., 2005).We found
that loss of SAX-7L did not suppress kal-1/anosmin-1-depen-
dent branching in AIY. Moreover, loss of the paralogous
L1CAM-like cell adhesion molecule LAD-2 (Figure 1A; Wang
et al., 2008) affected kal-1-dependent branching in AIY neurons
neither in a genetic wild-type nor sax-7/L1CAM mutant back-
ground (Figure 1B; Figure S1B). These data suggest that kal-1/
anosmin-1-dependent branching in AIY neurons requires specif-
ically the short form SAX-7S/L1CAM, whereas LAD-2 serves no
obvious functions in this context.
sax-7/L1CAM Acts Genetically in a Pathway with
kal-1/anosmin-1, Heparan Sulfate, and the
egl-15/FGFR-egl-17/FGF Receptor-Ligand Pair
Our results suggested that kal-1/anosmin-1 and sax-7/L1CAM
act genetically in the same pathway, at least for kal-1/anosmin-
1-dependent branching of AIY neurons. To investigate this
notion in a genetic loss-of-function context, we turned to the her-
maphrodite-specific motor neurons HSN (Figure 2A). The HSN
neurons are a pair of cells located laterally in the midbody region
of the worm. Each sends a process ventrally into the nerve cord
where it travels anteriorly to the nerve ring (White et al., 1986; Fig-
ure 2A). In the vicinity of the vulva, the processes send branches
that innervate the vulval muscles (Garriga et al., 1993) and
require both kal-1/anosmin-1 and the heparan sulfate 3-O-sulfo-1378 Cell Reports 11, 1377–1384, June 9, 2015 ª2015 The Authorstransferase hst-3.2 (Tecle et al., 2013). We found that formation
of HSN branches also required sax-7/L1CAM (Figures 2A–2C).
This phenotype was not enhanced in a kal-1;sax-7 double-null
mutant (Figure 2D), demonstrating that both genes act geneti-
cally in the same pathway.
Since mutations in human fibroblast growth factor receptor
(FGFR)1 and its ligand fibroblast growth factor (FGF)8 also
have been shown to cause KS (Dode´ et al., 2003; Falardeau
et al., 2008), we tested if the sole FGFR in C. elegans encoded
by egl-15/FGFR and its FGF ligand egl-17/FGF are required for
branch formation in HSN neurons (egl-15 and egl-17, Worm-
Base: WBGene00001184, WBGene00001185). Indeed, the for-
mation of HSN branches required both a specific splice variant
of EGL-15/FGFR, namely EGL-15A, and its canonical ligand,
EGL-17/FGF (Figure 2D). Moreover, complete loss of EGL-
15A/FGFR or EGL-17/FGF, respectively, was not further
enhanced by concomitant genetic removal of KAL-1/anosmin-
1, SAX-7/L1CAM, or both, suggesting that all four genes act
genetically in the same pathway to mediate branch formation
of HSN motor neurons (Figure 2D).
Heparan sulfate proteoglycans are a class of extracellular gly-
cans of great molecular complexity that have been implicated in
the function of KAL-1/anosmin-1 in cell culture, C. elegans, and
humans (Soussi-Yanicostas et al., 1996, 1998; Bu¨low et al.,
2002; Bu¨low and Hobert, 2004; Hudson et al., 2006; Bhatta-
charya et al., 2009; Tornberg et al., 2011; Tecle et al., 2013).
We found that formation of HSN branches also required the hep-
aran sulfate HS 6-O-sulfotransferase hst-6/HS6ST1 (Figure 2E),
a gene involved in introducing molecular diversity in heparan
Figure 2. kal-1/anosmin-1, sax-7/L1CAM, egl-15/FGFR, and egl-17/
FGF Act in a Genetic Pathway
(A) Schematic with the position andmorphology of the HSN indicated. Only the
left HSN is shown for simplicity. An arrowhead indicates the characteristic
branch formed near the vulva and a box indicates the approximate extent of
the images shown in (B and C).
(B and C) Lateral views with schematics (B0,C0) of adult animals showing the
serotonergic HSN. HSNs were visualized with zdIs13 (Is[Ptph-1::GFP]). Ante-
rior is to the left, asterisks indicate the location of the vulva, and a scale bar
represents 10 mm.
Csulfate and shown to be mutant in some patients with KS (Torn-
berg et al., 2011). The hst-6/HS6ST1 loss-of-function phenotype
was not enhanced by concomitant genetic removal of kal-1/
anosmin-1 or sax-7/L1CAM. Thus, hst-6/HS6ST1 acts geneti-
cally in a pathway with kal-1/anosmin-1 and sax-7/L1CAM and,
by inference, with egl-15A/FGFR and egl-17/FGF to mediate
branch formation of HSN motor neurons (Figure 2). Similarly,
double-mutant analyses between HS genes and sax-7/L1CAM
in the context of kal-1/anosmin-1-dependent branching of AIY
neurons also suggested that SAX-7/L1CAM acts in concert
with heparan sulfate (Figure S1C).
The Secreted Cell Adhesion Molecule KAL-1/anosmin-1
Acts as an Autocrine Co-factor of SAX-7/L1CAM–EGL-
15/FGFR-Mediated Neurite Branching
We next determined where SAX-7/L1CAM, KAL-1/anosmin-1,
EGL-15/FGFR, and EGL-17/FGF act to mediate neurite branch-
ing. We found that expression of the SAX-7S short isoform in the
hypodermis or in muscle failed to rescue the suppression of
kal-1/anosmin-1-dependent branching in AIY neurons due to
loss of sax-7/L1CAM (Figure 3A). In contrast, expression specif-
ically in AIY neurons or pan-neuronally rescued the suppression
of branching, suggesting that SAX-7S/L1CAM acts cell-autono-
mously in AIY neurons tomediate branching (Figure 3A). Surpris-
ingly, the long isoform SAX-7L/L1CAM could only rescue AIY
branching non-autonomously (Figure S1D). This is in contrast
to cell-positioning defects of AIY, which, in accordance with pre-
vious studies (Sasakura et al., 2005), were rescued only by
pan-neuronal expression of the short isoform SAX-7S/L1CAM
(Figure S1E). These data suggest that branching and cell posi-
tioning in AIY interneurons require molecularly distinct mecha-
nisms of SAX-7/L1CAM function.
The short form SAX-7S/L1CAM also cell-autonomously
rescued HSN-branching defects of sax-7/L1CAM mutants, but
not when expressed non-autonomously in the vulval epithelium
(Figure 3B), a tissue previously shown to control synapse forma-
tion of HSN neurons cell non-autonomously (Shen and Barg-
mann, 2003). Moreover, EGL-15A/FGFR-dependent branching
in HSN was restored by the expression of EGL-15/FGFR in
HSN neurons, but not in the vulval epithelium (Figure 3B). Intrigu-
ingly, expression of KAL-1/anosmin-1 in HSN neurons, but not in
the vulval epithelium, rescued the HSN mutant phenotype, also
suggesting a cell-autonomous autocrine role for KAL-1/anos-
min-1 in HSN branching (Figure 3B)—despite the fact that a
kal-1 reporter is expressed in both the vulval epithelium and in
HSN (Bu¨low et al., 2002). In contrast, expression of EGL-17/
FGF rescued the HSN-branching defects when expressed in
either HSN or the vulval epithelium (Figure 3B). Since an egl-17
reporter is expressed in the vulval epithelium (Burdine et al.,
1998), these findings argue strongly for a non-autonomous
mode of action of the FGF ligand.(D–F) Quantification of HSNs with branches in the genotypes indicated. Error
bars denote the SE of proportion; statistical significance is shown as follows:
**p < 0.005; ***p < 0.0005; and ns, not significant. There is no statistically
significant difference in any pairwise comparison between single and multiple
mutants in (D). In (F), the data for control and egl-15(n484) are identical to
(D and E) and shown for comparison only. See Table S1 for full primary data.
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Figure 3. Summary of Heterologous Transgenic Rescue Experi-
ments
(A) Cell-specific rescue of kal-1/anosmin-1-dependent branching in AIY neu-
rons of sax-7/L1CAM mutants. Schematically shown are the constructs/pro-
moters used (Pdpy-7/hypodermal, Pmyo-3/muscle, Punc-14/pan-neuronal,
and Pttx-3/AIY) and the number of rescuing lines of the total number of lines.
Color coding and abbreviations as in Figure 1. aRescue was defined as
1380 Cell Reports 11, 1377–1384, June 9, 2015 ª2015 The AuthorsTo determine which domains of SAX-7S/L1CAM and the re-
ceptor tyrosine kinase EGL-15A/FGFR are required for branch-
ing, we created deletion constructs. We found that replacing
the intracellular domain of SAX-7S/L1CAM with fluorescent
mCherry (SAX-7S(DICD)) retained full rescuing activity in both
AIY- and HSN-branching contexts, suggesting that the
conserved intracellular domain of SAX-7S/L1CAM is dispens-
able for function during neurite branching (Figures 3C and 3D).
However, the intracellular domain of SAX-7S/L1CAM was
required for cell positioning (Figure S1F), further corroborating
that SAX-7 functions through distinct pathways in branching
and cell positioning. Lastly, the Ig domains, but not the FN(III) do-
mains, of SAX-7S/L1CAM were necessary for both kal-1-depen-
dent branching and cell positioning of AIY neurons (Figure 3C;
Figure S1F).
In a last set of experiments, we found that a construct, in
which the intracellular domain of EGL-15A was replaced by
mCherry (EGL-15A(DICD)) and that previously was shown to
be functional in other cellular contexts (Bu¨low et al., 2004),
failed to rescue the HSN defects (Figure 3D), suggesting that
intracellular signaling of EGL-15/FGFR is required for branch-
ing. To further investigate this notion, we asked whether
constitutively active LET-60/Ras signaling could suppress
loss of EGL-15A/FGFR as previously shown for neuronal and
non-neuronal phenotypes of egl-15/FGFR mutants (DeVore
et al., 1995; Bu¨low et al., 2004). We found that constitutively
activated LET-60/Ras completely suppressed the HSN-
branching defects due to loss of EGL-15A/FGFR (Figure 2F),
suggesting that Ras signaling downstream of the EGL-15A/
FGFR receptor is required to mediate neuronal branching in
HSN neurons.
Taken together these experiments suggest that (1) SAX-7S/
L1CAM serves cell-autonomously with the EGL-15A/FGFR re-
ceptor in HSN neurons, (2) KAL-1/anosmin-1 functions as an
autocrine co-factor in HSN, and (3) the EGL-17/FGF ligand func-
tions as a non-autonomous ligand that is likely derived from the
vulval epithelium.Moreover, Ras signaling downstream of the re-
ceptor tyrosine kinase EGL-15/FGFR is required, whereas the
intracellular domain of the cell adhesion molecule SAX-7/
L1CAM is dispensable for neurite branching, but not cell
positioning.restoration of branches in transgenic animals and had to be statistically sig-
nificant (p < 0.05) compared to nontransgenic siblings (n = 100 in all assays).
See Table S2 for full primary rescue data of (A–D).
(B) Cell-specific rescue of branching in HSNs. An HSN-specific promoter
(Punc-86) (Shen and Bargmann, 2003) and a promoter that is expressed in the
vulval epithelium (Pegl-17) (Burdine et al., 1998) were used to drive expression
in the respective tissues. Both promoters have been used previously to
determine cell autonomy of function for genes involved in HSN development
(Shen and Bargmann, 2003; Shen et al., 2004).
(C) Structure/function analyses of SAX-7S/L1CAM in kal-1/anosmin-1-
dependent branching in AIY neurons using the Punc-14 pan-neuronal
promoter. bIn (C) and (D), deletions are indicated as dashed lines or by
replacement of domains with mCherry: SAX-7S(DICD), SAX-7S(DIg), SAX-
7S(DFn), and EGL-15(DICD), which delete the intracellular domains (DICD), Ig
domains (DIg), or FN(III) domains (DFN).
(D) Structure/function analyses of SAX-7S/L1CAM and EGL-15A/FGFR in
HSNs using the Punc-86 HSN-specific promoter are shown.
Figure 4. KAL-1/anosmin-1 Forms a Complex with SAX-7S/L1CAM
and EGL-15A/FGFR
(A) Schematic of the C. elegans proteins used in transfection assays with tags
indicated (approximately drawn to scale). All constructs appear functional in
transgenic assays (data not shown).
CSAX-7/L1CAM Forms a Complex with KAL-1/anosmin-1
and EGL-15/FGFR
The genetic interactions among kal-1/anosmin-1, sax-7/
L1CAM, and egl-15/FGFR prompted us to test whether these
factors can form a complex. We transiently expressed tagged
versions of the C. elegans proteins KAL-1/anosmin-1, SAX-7/
L1CAM, or EGL-15/FGFR alone and in combination in human
embryonic kidney cells (Figure 4A), and, following cell lysis,
conducted co-immunoprecipitation experiments. We found
that KAL-1/anosmin-1 co-immunoprecipitated with an antibody
against SAX-7/L1CAM and, vice versa, that SAX-7/L1CAM co-
immunoprecipitated with an antibody against KAL-1/anosmin-1
(Figure 4B; data not shown). Moreover, KAL-1/anosmin-1 was
coprecipitated with an antibody against EGL-15/FGFR (Fig-
ure 4B) and EGL-15/FGFR co-immunoprecipitated with an anti-
body against SAX-7/L1CAM (Figure 4B), suggesting that all
three proteins are part of the same complex. We found similar
molecular interactions among the human proteins hKAL1,
hL1CAM, and hFGFR1 (Figures 4C and 4D). Together with re-
ports showing a physical interaction between purified hKAL1
and FGFR in vitro (Hu et al., 2009), these data strongly suggest
evolutionary conservation of the tripartite complex from worms
to humans.
Since the Ig domains of SAX-7/L1CAM are required for
branching activity in vivo (Figure 3C), we determined if the Ig
domains were also necessary for complex formation between
SAX-7/L1CAM and KAL-1/anosmin-1. We found that a protein
that lacked all Ig domains (SAX-7SDIg) was unable to co-immu-
noprecipitate KAL-1/anosmin-1 (Figure 4E). In contrast,
proteins without the intracellular domain of SAX-7/L1CAM
(SAX-7SDICD) or the FN(III) domains of SAX-7/L1CAM (SAX-
7SDFN) still co-immunoprecipitated KAL-1/anosmin-1. This
suggested that KAL-1/anosmin-1 binds SAX-7S/L1CAM
through the Ig domains of SAX-7S/L1CAM independently of(B) Input (total cell lysate) and immunoprecipitates (IPs) from cells co-
transfected with HA::KAL-1, SAX-7S::V5, and FLAG::EGL-15A and detected
by antibodies in western blots (WBs), as indicated. The a-HA antibody always
recognizes an additional band of lower molecular weight (asterisk) that is not
co-immunopreciptated by interacting proteins. This fragment could constitute
a proteolytically cleaved product that is unable to interact with the proteins
tested here because it lacks the larger portion of the FN(III) domains. The
a-FLAG antibody recognizes characteristic doublet bands of the EGL-15/
FGFR, both of which are precipitated by interacting SAX-7/L1CAM. Control
WBs to show expression of all C. elegans proteins in the same lysates used for
IP experiments are shown in Figure S2A.
(C) Schematic shows the human proteins used in transfection assays with tags
indicated (approximately to scale).
(D) Input (total cell lysate) and IPs from cells cotransfected with human
hKAL1::HA, hL1CAM::V5, and FLAG::hFGFR1 and detected by antibodies in
WBs, as indicated. The a-FLAG antibody also recognizes a doublet of the
hFGFR1, both of which are precipitated by interacting hL1CAM. A control WB
showing expression of human proteins in the same lysates used for IP ex-
periments is in Figure S2B.
(E) Input (total cell lysates) and IPs from cells cotransfected with SAX-
7S(DIg)::V5, SAX-7S(DICD)::V5, or SAX-7S(DFN)::V5, respectively, with
HA::KAL-1 and detected with antibodies in WBs, as indicated.
(F) Input (total cell lysates) and IPs from cells cotransfected with SAX-7S::V5
with HA::KAL-1(DWAP) or HA::KAL-1(DFN), respectively, and detected with
antibodies in WBs, as indicated.
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the FN(III) or intracellular domain and that this interaction is
important for function.
Finally, we tested whether the interaction between the Ig do-
mains of SAX-7S/L1CAM required the WAP domain or the FN(III)
repeats inKAL-1/anosmin-1. Theseexperiments established that
the FN(III) domains, but not theWAP domain, of KAL-1/anosmin-
1 are required for complex formation with SAX-7/L1CAM (Fig-
ure 4F). Taken together, these data suggest that SAX-7/
L1CAM, KAL-1/anosmin-1, and EGL-15/FGFR are part of a
conserved complex and that the Ig domains of SAX-7/L1CAM
and theFN(III) of KAL-1/anosmin-1 are important for its formation.
DISCUSSION
Here we identified a molecular mechanism for neurite branching
involving the neural cell adhesion molecule KAL-1/anosmin-1.
Branching is mediated by a conserved multiprotein receptor
complex consisting of SAX-7/L1CAM and EGL-15/FGFR, which
requires the autocrine activity of KAL-1/anosmin-1 and the non-
autonomous activation by the EGL-17/FGF ligand. Importantly,
the intracellular domain of EGL-15/FGFR, but not SAX-7/
L1CAM, is necessary, and genetic evidence suggests that Ras
signaling downstream of EGL-15/FGFR is required to mediate
branching.
KAL-1/anosmin-1 as an Autocrine Co-factor for the
EGL-15/FGFR-SAX-7/L1CAM Receptor Complex
Several lines of evidence suggest that KAL-1/anosmin-1 acts
in an autocrine fashion to mediate neurite branching through
the putative receptor complex EGL-15/FGFR and SAX-7/
L1CAM. First, KAL-1/anosmin-1 can only rescue the mutant
phenotype in HSN neurons when expressed in HSN neurons,
but not when expressed in other tissues that are in physical
contact with the HSN neuron. Second, previous experiments
showed that misexpression of KAL-1/anosmin-1, even in cells
that formed direct physical contacts, resulted in strictly cell-
autonomous branching (Bu¨low et al., 2002). Two other exam-
ples of autocrine signaling have been described for axon
outgrowth and branching, including brain-derived neurotrophic
factor (BDNF) and non-canonical Wnt signaling (Cheng et al.,
2011; Ryu et al., 2013), suggesting that this signaling mode
could present a more general mechanism. What could be
the functional relevance of autocrine signaling? Both branch-
ing and outgrowth are examples of localized growth. An auto-
crine co-factor may serve as a positive feedback amplifier that
facilitates a branching decision by first creating a bistable
state. The fact that exogenous addition of KAL-1/anosmin-1
in chicken embryos increased FGF8 expression is also consis-
tent with a positive feedback loop (Endo et al., 2012). Alterna-
tively, and not mutually exclusive, an autocrine co-factor could
create a high-affinity complex that sensitizes the response to a
diffusible ligand such as EGL-17/FGF. KAL-1/anosmin-1 also
could act as an environmental sensor that allows the branch-
ing process to be initiated at a particular anatomical location
along the path of axon migration in response to an extrinsic
signal. Further experiments will be required to distinguish
among these possibilities for KAL-1/anosmin-1 function in
branching.1382 Cell Reports 11, 1377–1384, June 9, 2015 ª2015 The AuthorsSAX-7 as a Multifunctional Co-factor of Different
Signaling Pathways
SAX-7/L1CAM appears widely expressed in C. elegans and is
localized to the cell membrane in places of cell-cell contact
(Chen et al., 2001). In addition to non-neuronal functions (Grana
et al., 2010; Jafari et al., 2010; Lynch et al., 2012), sax-7/L1CAM
is important for development and maintenance of different as-
pects of the nervous system (Sasakura et al., 2005; Wang
et al., 2005; Pocock et al., 2008; Dong et al., 2013; Salzberg
et al., 2013; Opperman et al., 2015). Interestingly, distinct do-
mains of the protein are necessary for different processes. The
branching function of SAX-7/L1CAM is dependent on the Ig
domains, but independent of the FN(III) repeats and the intracel-
lular domain (this study). In contrast, the role of SAX-7/L1CAM in
dendrite development relies on the FN(III), but not the intracel-
lular or Ig domains (Dong et al., 2013; Salzberg et al., 2013),
whereas maintenance of cell body position requires the Ig do-
mains and the intracellular domain, but not the FN(III) domains
(this study). Thus, SAX-7/L1CAM may function as a scaffolding
molecule that, through interactions with other factors, facilitates
the assembly of multiprotein complexes in a cell-specific
fashion. Different interaction partners of SAX-7/L1CAMmay pro-
vide specificity for the binding properties of the resulting com-
plexes with other molecules, whereas SAX-7/L1CAM may pro-
vide spatial specificity to such complexes through subcellular
localization of SAX-7/L1CAM (Dong et al., 2013; Salzberg
et al., 2013). The diverse functions played by SAX-7/L1CAM in
different pathways could provide an explanation for the pleio-
tropic defects seen in patients with corpus callosum hypoplasia,
mental retardation, adducted thumbs, spastic paraplegia, and
hydrocephalus (CRASH) syndrome as a result of different muta-
tions in L1CAM (reviewed in Fransen et al., 1997 and Weller and
Ga¨rtner, 2001).
A Function for EGL-15A/FGFR in Neurite Branching
FGFR function is essential for development of non-neuronal
and neuronal tissues. Studies in mice have shown that FGF8
signaling through the FGFR1 is required for neurogenesis
and morphogenesis of the olfactory epithelium (He´bert et al.,
2003; Kawauchi et al., 2005). Moreover, FGFR is important
for neurite outgrowth in both vertebrates and invertebrates
(Williams et al., 1994; Bu¨low et al., 2004). Our genetic data
establish a function of FGF signaling in branching and suggest
that this function of EGL-15A/FGFR in HSN neurons requires
let-60/Ras-dependent signaling downstream of the FGF recep-
tor. This is not unprecedented as let-60/Ras-dependent
signaling functions downstream of the EGL-15/FGFR in
C. elegans during neurite extension (Bu¨low et al., 2004) and
development (DeVore et al., 1995). Additionally, mice overex-
pressing KAL-1/anosmin-1 display elevated levels of activated
ERK1/2 in oligodendrocyte precursors, which is also consis-
tent with Ras-dependent signaling (Murcia-Belmonte et al.,
2015). However, in different contexts of CAM-dependent
signaling, a phospholipase gamma-dependent cascade has
been suggested to act downstream of the FGFR (reviewed in
Doherty and Walsh, 1996). Thus, it will be important to deter-
mine how signaling downstream of the EGL-15/FGFR is
regulated.
EXPERIMENTAL PROCEDURES
C. elegans Strains and Imaging
All strains were maintained using standard methods (Brenner, 1974). All ex-
periments were performed at 20C and worms were scored as 1-day-old
adults unless otherwise specified. For a full strain list, see the Supplemental
Experimental Procedures. Fluorescent images were captured in live
C. elegans using a Plan-Apochromat 40 3 /1.4 objective on a Zeiss Axioim-
ager Z1 Apotome. Worms were immobilized using 10 mM sodium azide and
z stacks were collected. Maximum-intensity projections were used for further
analysis.
Molecular Biology and Transgenesis
To assemble tissue-specific expression constructs for rescue of loss-of-func-
tion phenotypes, the respective cDNAs were cloned under control of tissue-
specific promoters. All plasmids contained the unc-54 30UTR. For expression
in cell culture, the respective cDNAs ofC. elegans and humanSAX-7S/L1CAM,
KAL-1/anosmin-1, and EGL-15A/FGFR were tagged and cloned into
pcDNA3.1a (for SAX-7S/L1CAM and KAL-1/anosmin-1) or pCMV8 (for EGL-
15A/FGFR). For all transgenic rescue experiments, DNA constructs were
injected at 5 ng/ml together with an injection marker at 50 ng/ml. For detailed
information on plasmid construction and transgenic strains, see the Supple-
mental Experimental Procedures.
Statistical Analysis
For all proportions, statistical significance was calculated using the z test
whereas averages were compared using the two-tailed Student’s t test. The
Bonferroni correction for multiple comparisons was used where applicable.
Statistical significance is indicated as follows: ns, not significant; *p < 0.05;
**p < 0.005; and ***p < 0.0005.
Cell Culture and Immunoprecipitation
HEK293T cells were maintained in DMEM, supplemented with 10% fetal
bovine serum and antibiotic-antimycotic (Gibco). Cells were transfected
with plasmids DNA using Lipofectamine 2000 in accordance with the man-
ufacturer’s instructions (Life Technologies). After 48 hr, cells were lysed
using RIPA lysis buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-
late, 0.1% SDS, 50 mM Tris/HCl [pH 7.4], and HALT protease inhibitor
cocktail [Thermo Scientific]). For immunoprecipitations, the lysates were
precleared with protein A/G agarose (Santa Cruz Biotechnology) and sub-
sequently incubated with the following antibodies: rat monoclonal anti-HA
(Roche), mouse monoclonal anti-FLAG M2 (Sigma-Aldrich), and mouse
monoclonal anti-V5 (Life Technologies). After 1 hr of incubation, protein
A/G agarose was added to the lysates and incubated overnight. The
following day the lysates were washed twice with RIPA lysis buffer, re-sus-
pended in PBS (Sigma-Aldrich), and analyzed by SDS-PAGE and western
blotting.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, and two datasets and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.04.057.
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